Abstract: The understanding of plant nutrient uptake and dynamics is a necessary step to develop site-specific, economically viable, and environmentally responsible management practices. A field study on canola (Brassica napus L.), treated with preplant and sidedress nitrogen (N) applications under ample phosphorus (P) supply conditions, was conducted to determine seasonal plant dry matter (DM) and N and P uptake patterns. We found that periodic DM measured at 20% flowering (FL), from FL to 50% pods reaching maximum size (FL-RI), and from RI to physiological maturity (RI-PM) contributed to 30%, 57%, and 14% of total DM, respectively. Yields ranged from 111 to 447 g m −2 with a sharp decline in 2012 induced by heat and drought. The crop took up about 58%-71% of total plant N by FL, whereas up to 42% of total plant P was assembled during the RI-PM. Canola seed accounted for 60%-66% of total plant N and 59%-63% of total plant P. Accumulation of DM and N post-FL, and of P during RI-PM could explain 69%, 43%, and 55%, respectively, variations in yield, seed N, and seed P. Our data indicated that plant P uptake under adequate P supply conditions in canola was largely enhanced by N application.
Introduction
Canola crop production in eastern Canada is gaining popularity in recent years due to the rising demand for healthy canola oil as well as for biofuel production. The Canadian Government has legislated that all diesel fuels sold in the country since 2012 must contain 2% biodiesel (CCC 2014) . In addition, to develop region-specific varieties, agronomic practices for canola production need to be optimized and site-specific for profitable yield and environmental sustainability. Canola requires relatively higher amounts of nitrogen (N) than small grain cereal crops (Grant and Bailey 1993; Brennan et al. 2000; Brennan and Bolland 2009) . Nitrogen application in excess of crop requirement can induce crop lodging, reduce seed quality by decreasing oil content, and increase chlorophyll content of the seed (Brennan et al. 2000; Karamanos et al. 2005; Rathke et al. 2005) . In addition, excessive N can impair the environment and consequently negate the environmental benefit of using canola as a clean biofuel. For example, Lafond et al. (2008) showed that for canola production in the western Canada prairies, applying 50% of N in-crops would provide an opportunity to more effectively match N requirements and reduce the risk of N leaching lost. Excessive N application also increases farmers' costs due to the increasingly high fertilizer price and low N use efficiency (NUE), as a large portion of applied N could be lost via volatilization, denitrification, surface and subsurface runoff, and stabilization into soil organic matter and clay colloids (Heaney et al. 1992; Nyborg et al. 1997; Raun and Johnson 1999; Brennan et al. 2000) . Therefore, site-specific guidelines for precision N fertilization should be developed to optimize canola crop productivity in an economically and environmentally responsible manner.
Improving NUE by optimizing rate and timing of N application is a must for developing nutrient best management practices. Canola is a crop with raceme flowers, characterized by a long vegetative and reproductive overlap transition phase, since anthesis lasts for nearly a month (CCC 2008) . Canola yield is directly associated with growing-season dry matter (DM) accumulation. High-yielding hybrids have, as compared with conventional canola cultivars, genetically greater DM accumulation after silique formation rather than the preferential partitioning of vegetative DM to seeds (Karamanos et al. 2005) . In a canola crop, the rate of DM accumulation was greatest during flowering, and the amounts of postflowering DM production could be comparable with its accumulation prior to anthesis (Hocking et al. 1997; Chamorro et al. 2002) . Likewise, the yield response of canola to N fertilizer partially depends on the capacity of the crop to mobilize N from senescing vegetative organs to seeds (Hocking et al. 1997) . Several studies indicated that N could be mobilized from fruiting branches, upper leaves, and pod wells and translocated to the developing seeds (Zhang et al. 1993; Schjoerring et al. 1995; Hocking et al. 1997) . Both DM and yield could be affected by the timing of N application, but contradictory results were reported. Some studies showed significant increases in both DM and yield with split N application as compared with equivalent preplant applications (Hocking and Mason 1993; Hocking et al. 1997; Ma et al. 2015) , while others (Tayor et al. 1991; Cheema et al. 2001) reported that split applications of N with a portion at seeding and another at the rosette stage were no more effective in DM and yield than all N applied at seeding. Given the high N rate is usually accompanied with low NUE and not necessarily a high seed yield (Grant and Bailey 1993; Ma and Herath 2016) , plus contradictory findings with split N application, a better understanding of the underlying changes in seasonal DM and N accumulation and utilization in grain formation is important to concurrently improve seed yields and NUE (Hocking et al. 1997; Ma and Dwyer 1998; Wang et al. 2014) . However, almost all of such studies on canola have been done on western Canada prairie soils. Data on NUE and responses of canola to nutrients on soils in eastern Canada has lagged behind. There are insufficient research activities to create site-specific nutrient management strategies, although general N fertilization guidelines, based on the recommendations from the western prairies, exist for canola production in Ontario, Quebec, and the Maritimes of eastern Canada.
Phosphorus is essentially required for energy metabolism and as a structural component in the plant, including nucleic acids and phospholipids (Grant and Bailey 1993; Subedi and Ma 2009; Plaxton and Lambers 2015) . Some studies have demonstrated that DM accumulation and rapeseed yields are responsive to P applications up to 60 kg P ha −1 depending on soil P pools (Nuttall and Button 1990; Brennan and Bolland 2009) , and are closely related to soil P availability (Murdock et al. 1992; Gascho et al. 1997; Brennan and Bolland 2005) . Rose et al. (2009) observed that, unlike N in canola that attained major accumulation prior to flowering, P accumulation peaked at mid silique-filling, with the majority of P accumulated during and post flowering. Though canola requires more P for optimum yields than grain cereal crops, it may require lower P application as canola is very effective in scavenging both soil P and applied P (Grant and Bailey 1993; Brennan and Bolland 2009) . The fertilizer P requirements for profitable yields were usually achieved by varying P addition, separately or combined with different N rates, to determine P accumulation and seed yield responses (Gascho et al. 1997; Cheema et al. 2001; Karamanos et al. 2005; Brennan and Bolland 2007) . However, little is known as to how P accumulation and mobilization under a single ample soil or fertilizer P application conditions are interactively affected by N fertilizer rates. This information is essential to determine if the crop was provided with adequate P especially at high N rates, and if the ramification of soil P fertility after canola, a more effective scavenger of soil P than cereal crops, will be serious for the following crops (Brennan and Bolland 2009) . The nutrient BMPs for canola production developed in the Canadian prairies or elsewhere in the world is not necessarily applicable to eastern Canadian conditions due to the differences in arable land properties and climate factors, like temperature and precipitation, that not only affect canola production, but also soil nutrient supply (Gan et al. 2004 (Gan et al. , 2007 Kutcher et al. 2010; Ma et al. 2015) . The progressive investigation of N and P accumulation, remobilization, and use efficiency are prerequisite to develop site-specific fertilization guidelines for canola production in eastern Canada. In previous studies we reported differential responses of canola yield to preplant and sidedress N application rates across different sites (Ma et al. 2015) , and the variations in agronomic NUE and its components, N uptake and utilization efficiency between preplant and sidedress N applications (Ma and Herath 2016) . The objectives of the current study were to determine (i) the seasonal course of DM production and the apparent contribution of periodic accumulation to total biomass and seed yields on a Grenville sandy loam of the Orthic series; and (ii) the periodic N accumulation, N:P concentration ratio, and P uptake and remobilization under ample P supply conditions.
Materials and Methods
A field experiment was conducted on a Grenville sandy loam of the Orthic series (Melanic Brunisols) on the Central Experimental Farm of Agriculture and Agri-Food Canada, Ottawa, Ontario, Canada (45°23′N, 75°42′W), in 2012 and 2013. This study was conducted on the same field with similar soil physical and chemical properties reported elsewhere (Ma and Herath 2016) . The mean monthly air temperature and precipitation data on the site along with the soil properties are summarized in Table 1 .
Experimental design
The field experiment consisted of eight combinations of preplant and sidedress N application treatments, with sufficient sulfur (20 kg S ha −1 ) and foliar applied boron (0.5 kg B ha −1 ) fertility levels, laid out in a randomized complete block design with four replications in each year. The P (Triple Super Phosphate) and K (muriate of potash) fertilizers were applied at preplant, if necessary, according to the soil test results following the provincial agronomic guide. The N treatments included five levels of preplant rates of 0 (N0), 50 (N50), 100 (N100), 150 (N150), and 200 (N200) kg N ha −1 , and three split applications of 50 kg N ha −1 at preplant plus 50 (N50+50), 100 (N50+100) or 150 (N50+150) kg N ha −1 , respectively, as sidedress. In all cases, urea was the N source. While preplant urea was broadcast with a granular fertilizer spreader on the soil surface and immediately incorporated into about 10 cm soil depth, sidedress application was broadcast by hand on the soil surface without incorporation at the 6th leaf stage. The plot dimension was 2.4 m wide, consisting of 12 rows, and 10 m in length. Border plots receiving sufficient fertilization were established surrounding the experiment to eliminate the edge effect. Canola hybrid cultivar 'Invigor 5440' was sown at a rate of 5 kg ha −1 to get a target density of 80 plants m Ma and Herath (2016) . both years), over 50% pods reaching maximum size or BBCH 75 (RI; on 16 July both years), and 90% physiological maturity or BBCH 89 (PM; early August). At each of the RO, FL, PO, and RI sampling dates, plants from 1 m length inside row of the first half of each plot were cut at ground level. At PM, plants from 1 m length by two rows were taken, and separated into seeds and aboveground plant biomass. All samples were dried in a draft-oven to a constant weight and weighed. Seed yield from the PM sampling was calculated and reported on a dry matter basis. Each plant sample was ground to pass through a 1 mm screen. The ground plant material and the whole canola seed samples were digested by the Kjeldahl method, and were analyzed for total N and total P concentrations with a flow injection autoanalyzer (QuikChem® 8000 Flow Injection Analyzer, Zellweger Analytics, Inc., Lachat Instruments, Milwaukee, WI, USA). Plant component or total N and total P contents at a particular growth stage were calculated as the product of N or P concentrations by its biomass.
The apparent periodic contribution was calculated by dividing the DM, N or P accumulated during each specific period by the total DM, N or P in plant shoots (the term "shoots" refers here in a botanical sense to the entire aerial portion of the plants) at PM. Nitrogen and P utilization parameters, including N partial factor productivity (PFPn), P harvest index (PHI), and P utilization efficiency (PutE), were calculated according to a similar method described in Chamorro et al. (2002) and Wang et al. (2014) :
where SeedP is the seed total P in kg ha −1 of a treatment, and Pupt is the total P in whole plant at maturity of the treatment (kg ha
−1
).
PutE = Grain yield=Pupt (3)
Statistical analysis
All the data collected in each year were tested for normality prior to analysis of variance (ANOVA) with SAS Univariate procedure (SAS Institute 2010). The ANOVA was completed using the MIXED procedure where year and N fertilizer treatment were considered as fixed effects, arranged in a split-plot design with year as the main plot, block, and year*block as random effects. Due to the extreme drought that occurred in 2012, some of the measured variables in 2012 exhibited different trend in response to N application compared with those in 2013, showing a significant year*N treatment interaction. Treatment mean comparisons within each year are therefore presented in the corresponding tables. The response nature (linear and quadratic) of the dependent variables to N treatment was separately tested for preplant and sidedress N applications with the ESTIMATE statement in the MIXED procedure. In all cases, mean comparisons and t-test letter grouping were performed at 95% confidence level, by pairwisecomparison of the least squares means (LS-means) of the treatments. The values in tables and figures are then the model-generated LS-means of the fixed effect by the MIXED model procedure, rather than the arithmetic averages of years and blocks of the responses. Collinearity diagnosis and multiple regressions were performed using the SAS REG procedure with a stepwise model at 5% level of significance for variable entry and stay. Linear and non-linear relationships between variables were established by running an NLIN procedure. An effect is considered significant if the model P ≤ 0.05.
Results

Growing season conditions
The mean monthly temperatures during the growing season (May to August) in 2012 were 1.1°C, 1.9°C, and 1.7°C above the 30-yr normals in June, July, and August, respectively, while they were close to the 30-yr normals in 2013 (Table 1 ). In 2012, total precipitation during the growing season (263 mm) was significantly below the 30-yr normal (348 mm), particularly, an extended drought period from late June to early August occurred. In 2013, growing season rainfall was comparable with the 30-yr normal, but there was an above-normal rainfall in June and slightly below-normal in July. While the phenological development of canola plant did not differ much between the two years, canola growth and yield in 2012 incurred heat and drought stresses in June and July, and re-growth was observed in all treatments after early August when drought stresses were eased.
DM accumulation, apparent contribution to final biomass and seed yields
At the rosette stage (BBCH 30), plant had accumulated a small amount of dry matter (DM), accounting for approximately 3% of total above ground DM production, 10% N uptake, and 5%-6% P uptake of the whole growing season in both years (data not shown). The seasonal DM accumulation before 50% pods reaching maximum size (RI) was not affected by year, while N fertilizer treatment showed some significant differences (P < 0.05) between the unfertilized N0 check treatment and N-applied plots. For example, DM accumulation was significantly lower for N0 than for N150 treatments ( Table 2 ). The 2-yr overall DM at PM was significantly affected by N application, with N200 treatment having >150% more DM than the unfertilized check treatment. Nitrogen application method did not affect biomass production with similar biomass between the corresponding split (N50+50 vs. N100, etc.) and non-split plots.
Periodic DM accumulation from the vegetative phase and vegetative and reproductive transition phase to Table 2 . Least squares (LS)-means with letter groupings (α = 0.05) and analysis of variance (ANOVA) P values (only P ≤ 0.05 presented) of canola dry matter (DM) at 20% flowering (FL), early pod formation (PO), 50% pods reaching maximum size (RI) and physiological maturity (PM), apparent contributions of DM accumulated before 20% flowering (FL), from FL to 50% pods reaching maximum size (FL-RI) and from RI to PM (RI-PM) to final DM, grain yield and harvest index (HI), as affected by N application on a Grenville sandy loam in 2012 and 2013.
DM accumulation
Apparent periodic contribution
) HI (kg kg Note: Least-squares means of treatments within a column followed by lowercased letters are significantly different at the 0.05 level of probability. Means represent the model-generated least-squares means across four replications within a year or averaged across both years.
physiological maturity was compared to explore the underlying processes of photosynthetic carbon (C) assimilation that contributed to differences in grain yield. Among treatments, DM accumulation ranged from 224 to 258 g m −2 by 20% flowering (FL), from 342 to 567 g m −2 during the transition phase (FL to 50% pods reaching maximum size) (FL-RI), and from 67 to 233 g m −2 after RI to physiological maturity (RI-PM).
These, averaged across all treatments and two years, accounted for 30%, 57%, and 14% of plant total DM during FL, FL-RI, and RI-PM, respectively. Canola yield response was proportional to nitrogen treatment, with mean grain yields ranged from 200 to 326 g m −2 across the two years. There was a weak but significant interaction of year by N treatment on seed yields and harvest index (HI) ( Table 2 ). In general, canola yields increased with increasing N rates, and this increase levelled-off at the 150 kg ha −1 or higher N rates. At equivalent N rates, sidedress application (50+50, 50+100 and 50+150 kg N ha −1 ) produced greater yields than the respective preplant N treatments, but the difference in LS-means between the application methods was insignificant in this study ( Table 2 ). The substantially lower yields in 2012 than in 2013, with overall average of 181 vs. 386 g m −2 , were attributable to the heat and drought stresses that occurred in 2012. During the reproductive phase, plant N remobilization efficiency was mainly associated with HI (Masclaux-Daubresse et al. 2010) . Our data showed that N fertilizer application had little effect on HI, but HI was much lower in 2012 (average of 0.24 kg kg −1 ) than in 2013 (0.39 kg kg −1 ), indicating the impaired drought and heat stress conditions in 2012 had a large impact on the partitioning of DM to grain yields. In general, N remobilization efficiency was not responsive to N rates (Table 2) . It was noted that there are some discrepancies between seed yields estimated from the sample area at the PM stage in the study and the yields taken from the whole plot at final harvest with a plot combine (reported in an earlier paper; Ma and Herath 2016), even though both studies were conducted in the same field. The differences in yields can be explained by how late in the season the combine-harvested yield was collected.
In 2012, some regrowth occurred in late August after heavy rains, which prevented plot harvest until 5 Sept. Plant regrowth did not contribute to seed yield, but it may have enhanced crop lodging and confounded N treatments (Ma and Herath 2016) . There was also unavoidable seed loss with the combine harvest (CCC 2014). As a consequence, no significant difference in combine-harvested yield among N treatments was found in 2012 (Ma and Herath 2016) . For estimating periodic contributions of DM accumulation, N and P uptake to the respective total plant DM, N, and P contents in the whole plant and the seed, we felt that the estimated yield based on the DM taken at the PM sampling was appropriate to testing the hypothesis set in this study.
To illustrate the contribution of periodic DM accumulation to seed yields, the collinearity diagnoses of yields and DM accumulation during FL, FL-RI, and RI-PM were performed. The results indicated that 69% of variations (R 2 = 0.69, P < 0.001) in seed yields among treatments could be explained by the variations of DM accumulated during FL-RI and RI-PM, but not before FL, with nearly equal contributions of the FL-RI (partial R 2 = 0.33, P < 0.001) and RI-PM (partial R 2 = 0.36, P < 0.001) periods to the variations of seed yields (Table 3) . Clearly post-FL DM accumulation was of critical importance to seed yields in a canola crop.
N accumulation, remobilization, and use efficiency
The N concentrations in plant shoots at FL, PO, RI and PM were affected by N fertilizer application, with a linear response nature, in most cases for sidedress application, and a curvilinear nature up to early flowering stage for preplant applications (Table 4) ). Split Note: Least-squares means of treatments within a column followed by lowercased letters are significantly different at the 0.05 level of probability. Means represent the model-generated least-squares means across four replications within a year or averaged across both years.
N application had little effect on N concentrations. All data across the two years demonstrated a general dilution curve between N concentrations in plant shoots with seasonal DM accumulation (Fig. 1A) .
Plant N accumulation at FL, PO, and PM were linearly affected by N application, and at RI by the year-by-N interaction (Table 4) . Similar to the trend in plant N concentrations, increasing N rates increased plant N accumulation while the difference in plant N accumulation among treatments faded out at high N rates. Split N application generally did not result in a significant increase in N accumulation as compared with non-split application, except for the accumulation at RI in 2013 where notable increases for N50+100 compared with N150, and for N50+150 vs. N200 treatments were recorded (Table 4) . At FL, N uptake contributed to 58%-70% of total plant N at PM, indicating that majority of the total N in canola was accumulated by the FL stage. In spite of this, the apparent periodic contributions of N accumulated during FL, FL-RI, and RI-PM, were not responsive to N application rates (Fig. 2) , reflecting the weak N treatment effects on the apparent contributions of periodic DM accumulation to total DM (Table 2) .
Nitrogen treatment affected seed N concentration and accumulation (Table 4) , with the respective maximums of 41.4 mg N g −1 and 130.2 kg N ha −1 , attained by the N200 treatment. The percentage of seed N over total N in shoots (NHI) varied narrowly from 60% to 66%. This indicated that N remobilization efficiency was not affected by N application rates and timing in the current study. Multiple regression analysis illustrated that 43% of variations in seed N could be accounted for by the periodic N accumulation largely during FL-RI (Partial R 2 = 0.27, P < 0.001), and then during RI-PM (partial R 2 = 0.16, P < 0.001) among treatments (Table 3 ).
This data implies that the amount of seed N was first controlled by plant N assembled at the vegetative and reproductive transition phase, and then by the accumulation during seed-filling stage. Different parameters were used to scrutinize N fertilizer utilization efficiency in producing biomass and seed yields in this study (Table 5) . While incremental NUE, NutE, and NRE have been reported elsewhere (Ma and Herath 2016) , the focus of the current study was on the other parameter, PFPn, describing the efficiency of plant using applied-or absorbed-N for seed production, was affected by N application and year*N treatment interaction (Table 5 ). Similar to those of NUE and NutE, PFPn declined with the increase in N fertilizer rates, irrespective of timing of N fertilizer application. This trend was more obvious in 2013 than in 2012, with PFPn dropped from 78.5 kg seed kg −1 at N50 to 22.7 kg seed kg −1 N at N200. It was shown that PFPn was more sensitive than NUE, NRE, NutE, and NHI in differentiating crop responses to N fertilizer treatments in canola.
Plant P accumulation, remobilization, and use efficiency Plant P concentrations between the years were different throughout the growing season. The effect due to N treatment varied from one growth stage to the other, being significant at FL and PM, but not at RI.
The most difference was found between the 0 N and N-applied treatments (Table 6 ). The year-by-N application interaction on plant P concentrations was observed only at PO. In general, plant P concentrations in all treatments progressively declined from FL to RI. However, during the grain filling stage (RI to PM), plant P concentrations at high N treatments increased sharply, i.e., plant P concentrations for N200 (8.6 mg P g −1 ) and N50+150 (7.8 mg P g −1 ) at PM were 153% and 135%, respectively, of the correspondences at RI (Table 6 ). Although ample P was provided to all plots, a negative linear correlation (r = −0.61, P < 0.001) between P concentrations and seasonal DM accumulation was observed (Fig. 1B) . Nitrogen application displayed a significant effect on plant P accumulation at the PO and PM stages, but not Note: Least-squares means of treatments within a column followed by lowercased letters are significantly different at the 0.05 level of probability. Means represent the model-generated least-squares means across four replications within a year or averaged across both years. N/A, not applicable. Table 6 . Least squares (LS)-means with letter groupings (α = 0.05) and analysis of variance (ANOVA) P values (only P ≤ 0.05 presented) of P concentration and accumulation at 20% flowering (FL), early pod formation (PO), 50% pods reaching maximum size (RI) and physiological maturity (PM) of canola in plant and in seed, as affected by N application on a Grenville sandy loam in 2012 and 2013. Note: Least-squares means of treatments within a column followed by lowercased letters are significantly different at the 0.05 level of probability. Means represent the model-generated least-squares means across four replications within a year or averaged across both years.
at the other stages. Plant total P at PM increased with increasing fertilizer N rates, and was closely related to N rates (r = 0.66, P < 0.001). In corresponding to the sharp increases in P concentrations, greater plant P accumulation from RI to PM in plots receiving 150 kg ha −1 or more N than those in low N treatments (Table 6 ) revealed that N application had greatly strengthened plant P uptake during the reproductive stage. The apparent contributions of periodic P accumulation to final plant total P differed among N treatments at FL, and from RI to PM, but not during FL-RI (Fig. 2) . At FL, the apparent contributions declined with increasing N rates, and ranged from 32% at N200 to 71% at N0. However, the opposite trend was noted during RI-PM, with increasing trend from 2% at N0 to 42% at N50+150, irrespective of N application timing. Both P concentration and total P content in seeds were interactively affected by N fertilizer addition and year (Table 6 ). Increasing N rates enhanced seed total P content in both years, and seed P concentrations in 2013. Both seed P concentrations (r = 0.45, P < 0.01) and total P (r = 0.66, P < 0.001) were linearly related to N application rates, irrespective of application methods. Seed P concentrations were higher than straw P. Seed P accumulation were well associated (model R 2 = 0.69, P < 0.001) with periodic P accumulation in plant shoots in all growth stages (Table 3) , especially for shoot P accumulation during FL-PM (partial R 2 = 0.55, P < 0.001). Similar to the trend in nitrogen harvest index (NHI), phosphorus harvest index (PHI) values varied narrowly from 0.59 to 0.63 kg P kg −1 P uptake (Table 5 ). There was a year-by-N treatment interaction on P utilization efficiency (PutE), with a quadratic N treatment effect in 2013, but not in 2012 (Table 5) . Across the two years, PutE was negatively responsive to N rates (r = −0.35, P < 0.05), echoing the increase in P accumulation in shoots, but not in seeds, with increasing N application rates (Table 6 ).
Plant N:P ratio and its relationships with plant N, P accumulation, and use efficiency
The N:P ratio in plants is an indicator of the nutrient balance of plant growth. There was an interaction of year-by-N treatment on plant N:P throughout the growing season (data not shown), with differences in plant N:P ratio among N treatments at all growth stages in both years, except for those at PM in 2012 (Figs. 3A, 3B ). In general, plant N:P ratio in 2012 was lower than that in 2013 and progressively declined with crop development, from an average value of 8.3 at RO to 4.9 at PM in 2012 and from 12.1 to 6.4 at the corresponding stage in 2013. In 2012, plant N:P varied widely among plots at FL and converged progressively thereafter to close a narrow range at plant maturity (Fig. 3A) . However, this convergence was less evident in 2013. A surprising increase in plant N:P for N0, N50, and N50+50 treatments in 2013 was observed from the RI to PM stages (Fig. 3B) . We speculate that this was likely associated with the weak driving force of P uptake at the reproductive stage in 0 N and low N plots, as there was a minimal increase in plant P from RI to PM in these three treatments (Table 6) . A negative correlation between plant N:P and plant P accumulation (r = −0.64, P < 0.001) was expected, but it was unforeseeable to observe such a negative relation of plant N:P with plant N accumulation (Fig. 3C ). This data indicates that N application stimulated plant P uptake, especially during the reproductive stage with high N rates. Therefore, plant N uptake was diluted by plant P uptake, leading to the negative relationship. Plant N:P ratio at PM was closely related to PFPn (r = 0.59, P < 0.001), NutE (r = 0.64, P < 0.001), and PutE (r = 0.90, P < 0.001), affirming that PFPn, NutE, and PutE are sensitive parameters in differentiating crop responses to N fertilization. 
Discussion
In this study, canola crop dry matter (DM) accumulation, N and P uptake dynamics as affected by combinations of N fertilizer application rates and timing under ample soil P supply conditions were examined in two contrasting environments. In general, differences in DM, N and P accumulation amongst treatments occurred most notably after early flowering (FL), when the crop was more sensitive to heat and drought stresses. Plant N and P uptakes after FL accounted for 43% and 60% of variations in seed N and seed P accumulation, respectively. Nitrogen partial factor productivity (PFPn) and plant P utilization efficiency (PutE) were found to be effective in differentiating crop responses to N application. It was noted that plant P uptake and its contribution to yield as influenced by N treatment followed different patterns from N uptake and DM accumulation, and drought and heat stresses interactively altered these patterns.
Heat and drought stresses in DM production and seed yield
In 2012, there were 7 days in June and 18 days in July with daily maximum temperature >30°C, and concurrently, 27 successive days with <5 mm total precipitation since mid-June (Ma et al. 2015) . Such prolonged heat and drought stresses aggressively reduced seed yields Table 2 ). In addition, the data indicated that the harsh weather for crop growth also impaired the responses of the crop nutrient uptake to N fertilization, as in many cases, the crop responded well to N application, i.e., on PutE (Table 5) , seed P concentrations (Table 6 ), plant N:P ratio at PM (Fig. 3C ) in 2013, but not in 2012. Shortage of rainfalls may have created a condition for the loss of sidedressed N through volatilization (Ma et al. 2010) , which could be part of the reasons that there was minimal response of canola yield to N application in 2012. Canola is a cool season crop that can be impaired by abiotic stresses such as high temperature and drought (Aksouh-Harradj et al. 2006; Gan et al. 2007; Kutcher et al. 2010) . Plant response to abiotic stress depends on the developmental stages. Some studies illustrated that canola is most susceptible for high temperature stress during flowering and pod development, such as was the case in 2012, and the threshold temperature leading to DM and yield losses is identified at or above 29.5°C (Angadi et al. 2000; Gan et al. 2004 ). High temperature is frequently accompanied with low precipitation in many crop production regions of the world, which often synergistically increases the severity of the overall heat stress. An investigation from western Canada prairies demonstrated that the historic yields of canola from 1967 to 2001 in Saskatchewan were negatively correlated with the growing season daily mean, maximum, minimum temperatures, and low precipitation, positively correlated with above-normal precipitation, and to a lesser extent, with below-average nocturnal temperature (Kutcher et al. 2010) . While canola has the potential to recover from earlier stress injury due to its indeterminate growth habits (Kutcher et al. 2010) , abiotic stress during flowering and at later reproductive stages can irreversibly affect source-sink balance of assimilate partitioning for seed yields, leading to early leaf senescence and (or) hastening maturity, and consequently, severally reduced biomass and most of the yield components (Gan et al. 2004 ). Regrowth after release of drought stress is possible, but such regrowth after early August when the crop approaches maturity such as in 2012 did not contribute to seed yield nor positively affected N utilization (Ma and Herath 2016) .
Plant P accumulation and remobilization as affected by N management
The similar responsiveness of seasonal plant N and P accumulation to N application, especially the periodic accumulation during RI-PM (Tables 4 and 6 ), indicates that there were synergic effects of crop N and P uptake, though adequate P was supplied in this study. Previous studies demonstrated that NH 4 + fertilizers greatly stimulates P uptake in canola, and greater seed yields and effectiveness of P fertilizers could be achieved when P applied with NH 4 + -N sources (Cheema et al. 2001; Bolland 2007, 2009 ). Primarily, increased root mass and length and density of root hairs by N fertilizations were largely responsible for the enhanced P uptake. Nutrient balance is essential for optimum yield of canola, as with any other crops, canola yield is limited by the first nutrient which becomes restricting. Being rich in one but impoverished in another plant essential nutrient will at best be ineffective in increasing yield and at worst lead to a yield decline (Grant and Bailey 1993) . Although there has been no defined optimum plant N:P ratio, as an index of plant nutrient balance, for canola growth, the prognostic critical concentrations of 40.8 g N kg −1 and 3.13 g P kg −1 for rosette growth stage were reported (Brennan and Bolland 2007) . Grant and Bailey (1993) commented that for a canola crop yielding ≥2000 kg ha −1 , the whole plant N and P concentrations at flowering are in the ranges of 2.5%-4.0% N and 0.25%-0.5% P; levels below 2.0% N and 0.15% P are considered deficient, and of above 5% N and 0.8% P may be excessive. This suggests a range of 8-10 of plant N:P ratio at flowering is required for optimum yield. Under adequate P supply conditions such as in this study, plant N and P concentrations (Tables 4 and 6 ) and plant N:P ratio of 7.9-10.8 in 2013 (Fig. 3C ) at FL fell well within the suggested ranges, resulting in high canola yields (3860 kg ha −1 ; averaged across all treatments). In contrast, the low plant N:P ratio of 5.1-7.8 at FL in 2012 (Fig. 3C ) was associated with low seed yields (averagely, 1810 kg ha Although canola is considered a stronger scavenger than cereal crops of both soil and fertilizer P (Grant and Bailey 1993; Brennan and Bolland 2005) , the surprising increases in P concentrations and accumulation from RI to PM for plots receiving ≥150 kg N ha −1 in our study affirmed that N applied over one rate greatly enhanced plant P uptake, and crops in high N plots continuously took up P from soil even later as seed-filling. This was inconsistent with Rose et al. (2009) who observed that P accumulation peaked at mid silique-filling, with the majority of P accumulated during and post flowering. In this study, we observed trends of progressive decline and convergence (except for N0, N50, and N50+50 in 2013), and of the dilution curve between plant N:P ratio and plant N accumulation with crop development (Fig. 3) . These, coupled with the greater contributions of RI-PM periodic P uptake to seed P than the accumulation during FL and FL-RI (Table 3 ), indicate that there were differences in plant N and plant P accumulation patterns and the importance of P relative to N increased with crop development. Clearly, as an essential constituent of all living organisms and a carrier of energy metabolism (Subedi and Ma 2009; Plaxton and Lambers 2015) , P plays a critical role in development of plant reproductive organs and energy-consumed remobilization of assimilates from vegetative components to seeds during the silique-filling stage. Collectively, our data appeared to indicate that top-dressing P at or post-flowering at high N supply conditions would potentially improve both seed yield and nutrient use efficiency. In-season application of N and P is the recommended best management practice as it promotes synchronization of soil nutrient supply and crop requirement, and avoids excessive nutrient applications when abiotic stresses are expected to occur; it also minimizes the negative environment impact (Lafond et al. 2008; Ma et al. 2015; Ma and Herath 2016) .
Conclusions
Our two-year field study illustrated that 51%-67% of total dry matter (DM) was produced from early flowering (FL) to the maximum pod size (RI) stage, 58%-71% of total N was accumulated by FL, and almost equivalent plant P was assembled before and after flowering. Differences in DM, N and P accumulation amongst treatments occurred most notably after FL, which accounted for 69%, 43%, and 60% of variations in canola yield, seed N and seed P accumulation, respectively. While N application had little effect on N remobilization efficiency, PFPn and PutE were found to be effective in differentiating crop responses to N application. This field study also revealed that under adequate soil P supply conditions, plant P uptake was enhanced by N additions, especially at high N rates, and plant N uptake with crop development was diluted by plant P uptake. This study suggests the increasing importance of plant P relative to N for translocation of assimilates during the silique-filling stage. Our findings are useful to develop site-specific nutrient best management practices for canola production in eastern Canada.
